We have identified a cellular transcription factor from uninfected HeLa cells that stimulates the simian virus 40 (SV40) late mode of transcription and specifically binds the SV40 21-base-pair repeat promoter element. In particular, the late SV40 transcription factor (LSF) stimulates transcription at initiation sites L325 and L264 of the SV40 late promoter, which are the major transcription sites utilized after DNA replication during the SV40 lytic cycle. In addition, LSF appears to stimulate transcription to a lesser extent from the late-early initiation site of the early promoter. LSF binds specifically to the 21-base-pair repeats of the SV40 promoters, forming specific protein-DNA complexes, which migrate more rapidly through nondenaturing polyacrylamide gels than that formed by the previously identified transcription factor Spl. Thus, LSF is distinguishable from Spl in both its transcriptional and DNA-binding properties. These findings suggest a potential role of LSF in the early to late transcriptional switch during a SV40 lytic infection.
Expression of the simian virus 40 (SV40) genome is regulated in a very precise and complex manner during the course of lytic infection in permissive cells. Most simply, the regulation can be understood in terms of a switch from an early to a late mode of transcription. Prior to SV40 DNA replication, transcription occurs primarily of those genes encoding the large and small tumor antigens (T and t antigens) and after SV40 DNA replication mainly of those genes encoding the viral capsid proteins (1, 2). However, examination of the initiation sites of the early and late transcripts reveals a more complex situation (see Fig. 1 ). Prior to SV40 DNA replication, initiation of transcription of the early genes occurs at nucleotide positions 5231-5237 on the SV40 genome, called the early-early (EE) initiation sites (3) (4) (5) . After SV40 DNA replication, the initiation sites for transcription of the early genes shift upstream to the late-early (LE) initiation sites around nucleotide position 30 on the SV40 genome (6) (7) (8) (9) . After DNA replication, the SV40 late promoter is also activated (1, 2). Position 325 on the SV40 genome is the predominant site at which transcription from the late promoter is initiated in vivo (10, 11) . Initiation also occurs at position 264 relatively frequently but rarely at a number of other initiation sites spanning '200 base pairs (bp) (10, 11) .
Various promoter elements responsible for stimulating transcription from the early and late initiation sites have been identified both in vivo and in vitro. Of major interest here, the SV40 21-bp repeats comprise a major promoter element in vitro for all the SV40 early and late initiation sites, with the magnitude of stimulation by these sequences ranging from 3-to 100-fold at the different initiation sites (12) (13) (14) (15) (16) (17) . All results were obtained with extracts from uninfected HeLa cells and therefore in the absence of the viral T antigen. The in vivo data indicate a requirement for the 21-bp repeats for efficient transcription from the EE and LE initiation sites (8, 16, 18) , consistent with the in vitro results. However, the data concerning the role of the 21-bp repeats in transcription from the late initiation sites are not uniform. In a few systems, the 21-bp repeats seem to be a crucial promoter element for the SV40 late promoter (refs. 19 and 20; L. E. Chalifour, D. 0. Wirak, U.H., P. M. Wassarman, and M. L. DePamphillis, unpublished data). In contrast, other studies performed in the presence of the SV40 T antigen, which stimulates the late promoter, conclude that sequences within the 72-bp repeats are the crucial promoter element(s), whereas the 21-bp repeats can be deleted without effect (21) (22) (23) (24) . However, in the absence of the 72-bp repeats, deletion of the 21-bp repeats significantly reduces late gene expression, even in these studies (22) . Thus, there may be independent mechanisms of activating the SV40 late promoter, one of which would involve the 21-bp repeat promoter elements. While these studies indicated that the 21-bp repeat promoter elements can be important for the expression of both the early and late SV40 gene products, it was not clear whether these promoter elements would play any role in regulating the transcriptional switch during an SV40 infection from expression of early genes to expression of late genes.
In our studies, we have identified a cellular transcription factor that specifically stimulates SV40 transcription in a way totally complementary to stimulation of transcription by Spl, a previously characterized cellular transcription factor. Whereas Spl mediates transcription in vitro from the major initiation site used prior to SV40 DNA replication, this factor (LSF, late SV40 transcription factor) mediates transcription in vitro from initiation sites used after DNA replication. LSF, like Spl (25, 26) , specifically binds the SV40 21-bp repeats. Thus, we suggest that LSF (and Spl) in conjunction with the 21-bp repeats might be involved for the switch from early to late transcription during the SV40 lytic cycle.
MATERIALS AND METHODS
Transcription Factors and Extracts. HeLa whole cell extracts were prepared as described (27) , with cells obtained from the Massachusetts Institute of Technology Cell Culture Facility. The partially purified transcription factors required for the basic reconstituted system, AB, CB, CD, DB, and RNA polymerase 11 (28) (30) , and digested with Sph I. The resulting radiolabeled 132-bp SV40 DNA fragment (nucleotides 5242-130) was isolated; it contained the 21-bp repeats, the "TATA" box, and the proximal 20 bp of the 72-bp repeats ( MgCl2. The free DNA and protein-DNA complexes were resolved by electrophoresis at 8 V cm-' through a 4% polyacrylamide gel [acrylamide/bisacrylamide, 30:1 (wt/wt)] containing 6.7 mM Tris HCl (pH 7.5), 3.3 mM sodium acetate, and 1 mM EDTA, while circulating buffer between the compartments (31, 32) .
RESULTS

Separation of Two Cellular Transcription Factors That
Bind the SV40 21-bp Repeat Region. Since HeLa whole cell extracts support relatively efficient transcription from both the SV40 early and late promoters, such extracts were chosen as the source of cellular transcription factors that would bind the SV40 21-bp repeats. We have assayed for specific DNA-binding activity with a nitrocellulose filter binding assay (refs. 33 and 34; C.H.K., A.B., D. O'Brien, C.H., and U.H., unpublished data). The specific DNA probe in such assays was a 132-bp DNA fragment that contained the 21-bp repeats, the proximal 20 bp of the 72-bp repeats, and the TATA box (nucleotides 5242-130; Fig. 1) . Surprisingly, when HeLa whole cell extract was fractionated using a linear salt gradient over a heparin-Ultrogel column, several peaks of specific DNA-binding activity were detected. The peak fractions were pooled separately and fractionated through one or two additional chromatography steps (see Materials and Methods). The transcriptional and DNA-binding properties of two of the partially purified proteins are described below, as assayed on the SV40 early and late promoters.
Whereas Spl Stimulates the Early Mode of SV40 Transcription, Another Factor, LSF, Stimulates the Late Mode of SV40 Transcription. Of primary importance was to determine whether the proteins specifically binding the SV40 DNA promoter fragment influenced transcription from the SV40 early and late promoters. For this purpose, the partially purified DNA-binding factors were added to the reconstituted in vitro transcription system described by Samuels et al. (28) , which contains at least three general transcription factors in addition to purified RNA polymerase II. This reconstituted transcription system efficiently initiates transcription at many promoters, including the adenovirus type 2 major late promoter (28) . However, transcription from the SV40 promoters in the unsupplemented system is minimal, as shown below (see also ref. 13) .
One of the partially purified SV40 promoter-binding proteins dramatically stimulated transcription from the early SV40 promoter at the EE initiation site (12-fold in Fig. 2A ) and less efficiently from a minor upstream SV40 late initiation site, L167 (Fig. 2B) . Transcription from the internal control, the major late adenovirus promoter, was used to normalize the data. These transcription properties correspond to those described for Spl (25) . The minimal stimulation of L167 observed in Fig. 2B may be due to repression by high levels of Spl (25) . Alternatively, L167 may not be able to be strongly activated in our transcription system due to relatively high levels of transcription from L167 in the reconstituted transcription system by itself (Fig. 2B, lane -) . DNAbinding studies (see Fig. 5 ; and C.H.K., A.B., D. O'Brien, C.H., and U.H., unpublished data) demonstrate that the protein preparation used for the experiments shown in Fig. 2 binds SV40 DNA identically to Spl. It is noteworthy that Spl did not activate transcription from the major late initiation sites L325 and L264 ( Fig. 2; ref. 25) .
Another of the partially purified specific DNA-binding proteins activated transcription in a very different manner. This factor, named LSF for late SV40 transcription factor, specifically stimulated transcription from the major in vivo initiation sites of the SV40 late promoter: L325 and L264 (Fig.  3) . Transcription from the L167 initiation site, which is specifically activated by Spl, seemed not to be significantly affected by LSF (Fig. 3) . Stimulation of transcription by the partially purified LSF at L325 and L264 was 3-to 8-fold higher than stimulation observed at the adenovirus major late promoter in Fig. 3A and 2-to 6-fold higher in Fig. 3B . Activation of the adenovirus major late promoter was obtained with both partially purified LSF preparations, but the following data strongly suggest that this was due to a contaminating general activation factor separate from LSF. In its least purified form, low amounts of the LSF preparation activated all transcripts 20-fold, without specifically stimulating SV40 late transcription (Fig. 3A, lane 2) . Addition of higher amounts of this LSF preparation resulted in a large increase in transcription from the SV40 late promoter but an insignificant additional increase in transcription from the major late promoter of adenovirus (lane 3). Moreover, high levels of more highly purified LSF preparations resulted in only a 2-fold general activation of transcription, while retaining the specific activation of the SV40 late promoters (Fig.  3B) . Thus, the general and specific stimulatory activities appear to be both distinct and chromatographically separable. When transcription was monitored from the SV40 early promoter in the same reactions, the most striking result was that LSF did not activate transcription from the EE initiation site (Fig. 4) , in stark contrast to Spl (Fig. 2) . All preparations of LSF seemed to stimulate transcription to a minor extent of a longer RNA product, which corresponds to transcription from a SV40 LE initiation site (Fig. 4A) . Stimulation of transcription from this LE site was most apparent when the background level of transcription from SV40 early promoter was low (Fig. 4A, lane 2) . However, even when the back- 40 ,ug of LSF purified through a single chromatography step (lane 3). This preparation is comparable, although not identical, to that used for Fig. 3A . The RNA products were analyzed for transcription from the SV40 early promoter. The expected RNA product lengths for initiation at EE and the most upstream LE of the SV40 early promoter are about 470 and 511 bases, respectively (13) . The shorter RNA products are due to initiation at sites only utilized in vitro (e.g., EO, predicted length of 386 bases; see ref. 5) . Spl had no effect on transcription from the LE initiation site (Fig. 2) .
Thus, LSF, the late SV40 transcription factor, stimulates transcription from a separate and complementary set of initiation sites (L325, L264, and LE) than those stimulated by Spl (see Fig. 1 ). At all stages of purification to date, the protein fractions that stimulated the major SV40 late initiation sites were also able to stimulate the SV40 LE initiation site. Ultimate proof of the ability of LSF to stimulate transcription of the LE initiation site, however, awaits further purification of the factor.
LSF Specifically Binds the 21-bp Repeats of the SV40 Promoter. Given that LSF and Spl stimulated SV40 transcription very differently, it was crucial to determine whether these two cellular transcription factors bound the same or different regions of the SV40 promoters. The DNA fragment used in the nitrocellulose filter binding assay to purify these proteins contained 132 bp, only 64 of which are represented by the 21-bp repeats. In addition, the fragment contained a "TATA" box and the proximal 20 bp of the SV40 enhancer sequences. A gel retardation assay was used to determine which DNA sequences were recognized by the partially purified proteins (31, 32) . Protein was incubated with DNA, and the protein-DNA complexes were separated from free DNA by electrophoresis through a nondenaturing polyacrylamide gel.
Performing such an experiment with the Spl-like factor and a 132-bp SV40 DNA fragment (nucleotides 5242-130), two complexes were observed that migrated more slowly than free DNA (Fig. 5, lane 2) . Only the more slowly migrating of the two protein-DNA complexes was sensitive to competition with excess wild-type SV40 promoter DNA (X-8) but not with SV40 promoter DNA containing a specific deletion of the 21-bp repeats (XS 15), as shown in lanes 3 and 4. This protein-DNA complex must therefore result from specific interactions of the Spl-like factor with the 21-bp repeats, as expected from previous data (26, 35, 36) .
When the same experiment was performed using LSF, four distinct complexes were evident that migrated more slowly than free DNA (lane 5). Three of the protein-DNA complexes were sensitive to competition with DNA fragments containing the 21-bp repeats (from either X-8 DNA, lane 6; or X-39 DNA, in which the TATA box is deleted, lane 7). No competition was observed, however, when the competitor SV40 promoter DNA fragment was specifically deleted for the 21-bp repeats (XS 15, lane 8). These three bands must therefore represent specific complexes of proteins bound to the 21-bp repeats of the SV40 promoters. The most slowly migrating of the specific protein-DNA complexes apparently comigrates with the Spl-specific complex and might therefore be due to slight contamination of Spl in this preparation of LSF (although there are no transcription data to indicate contamination by Spl in the preparation, see Figs. 3B and 4) . The other two complexes sensitive to competition by the 21-bp repeats are unique to preparations of LSF.
These results demonstrate that the partially purified LSF specifically binds the 21-bp repeats of the SV40 promoters and, in addition, demonstrate that LSF is distinguishable from Spl by the electrophoretic migration of the complexes that it forms with the 21-bp repeats of the SV40 promoters. We believe that this DNA-binding activity is related to the transcription activity on the SV40 late promoter described above because purification of the DNA-binding activity through several chromatography steps resulted in retention of the transcription activity as well (data not shown). The region of the SV40 promoter DNA, which in a gel retardation assay specifically binds our most pure LSF preparations, is competitor (26, 35, 36 Experiments from several laboratories indicate that the SV40 T antigen (product of the early genes) stimulates transcription from the SV40 late promoter in vivo (38, 39) . Given that deletion of the 21-bp repeats does not alter T-antigen-stimulated transcription in vivo (21, 22) and that deletion or replacement of the 72-bp repeats does not decrease transcriptional stimulation by the 21-bp repeats in vitro (13, 15, 40) , presumably mediated by LSF, we favor the view that LSF and T antigen would stimulate SV40 late transcription by independent pathways.
